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ABSTRACT 
 
Extreme laser pulses driving non-equilibrium processes in high density plasmas permit an increase of the fusion of 
hydrogen with the boron isotope 11 by nine orders of magnitude of the energy gains above the classical values. This 
is the result of initiating the reaction by non-thermal ultrahigh acceleration of plasma blocks by the nonlinear 
(ponderomotive) force of the laser field in addition to the avalanche reaction that has now been experimentally and 
theoretically manifested. The design of a very compact fusion power reactor is scheduled to produce then 
environmentally fully clean and inexhaustive generation of energy at profitably low costs. The reaction within a 
volume of cubic millimetres during a nanosecond can only be used for controlled power generation.     
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1. INTRODUCTION 
 
The pollution of the atmosphere with carbon dioxide CO2 was early recognized in a profoundly precise way by Al 
Gore [1] – when beginning his leadership in this field – with warning into what catastrophe the climate change will 
go by threatening the whole mankind [2]. The concentration of CO2 in the atmosphere was for few thousand years 
on the level of 285 ppm (parts per million) keeping an ideal climate on earth by a green house effect but since about 
1800, using fossil carbon for heating and for driving the steam engines and other power generators, it is now above 
400 ppm. This substantial change can be seen from the thickness of tree rings showing the solar cycles and the 
assimilation of carbon in plants since few thousand years being constant, but in contrast now since 1960 steadily 
increasing to more than two times higher values (Fig. 5 of [3]). Melting the Greenland ice will increase the ocean 
level by 6 meters [3] and by more when adding the melting of parts of Antarctic ice.  
 
The amount of using fossil carbon for the human civilization including the necessary use for the mobility in motor 
cars and other transport could well be acceptable at the level of about 1960 but the level has been increased by more 
than a factor 5 since, of which about 20% are the emission for the highly needed mobility by motor cars. These 20% 
could be saved if one would be able to completely stop the burning of tropical forests within a very short time for 
which the only attempt on a government level was tried in Australia [4].   
 
Reducing the CO2 emission into the atmosphere is progressing by using solar energy, wind craft or by about 10% 
from nuclear fission power reactors. The nuclear accidents at Three Mile Island, Chernobyl or Fukushima were 
exclusively caused through human mistakes caused by not obeying the well established rules of safety when 
intentionally switching off safety equipments or not building sufficiently high walls against tsunamis. The energy 
from the myriads of stars is mostly produced by nuclear fusion of hydrogen into helium and other light nuclei. To 
reproduce this for power generation on earth in a controlled way with power reactors is an important aim and 
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enormous sums and most sophisticated exploration have been invested on earth but no energy producing fusion 
reactor has been achieved yet. 
 
The key pioneer on plasma physics for this research, Edward Teller (see pages 2 to 4 of [5]), explained how difficult 
it is to solve this problem. These problems for the theory of high temperature plasma led Lord May of Oxford (R.M. 
May) to discover the fundamental theory of “complex systems” how to derive stabilizing properties [6] (see pages 2 
to 3 of [5]). This also could be applied to other fields of science as animal populations or infectious diseases or even 
to the financial crisis [7]. 
 
A further basic aspect is the priciple of nonlinarity based on considertions of Richard Feynman (see Section 6.3 of 
[5]) initiated by research in laser interaction with plasmas [8]. This is related to well elaborated arguments by 
celebrities about the saturation or the end of physics while – in contrast – results of nonlinearity of laser-plasma 
interaction had just opened a door to a new dimension of physics.  
 
This is just related to the discoveries of HB11 fusion for exploring a deviation from thermal equilibrium solutions 
and overcomming the limits of restrictions in linear physics [9] leading to the principle of nonlinearity [5]. This was 
crucial for opening a new option to overcome the climate problems by the following described discovery of a new 
kind of a power reactor with boron laser fusion.    
 
This may be an example why a re-evaluation of the importance of nuclear energy may be recommended for solving 
the crucial problems of the dramatic climate change. It is positive that a Breakthrough Energy Coalition [10] is not 
only to support the usual solar energy or wind power generation but to provide a capacity for basically new 
alternatives or being aware that still undiscovered future innovations may change the whole scenario. One has not to 
miss the fact that a 100% carbon-free energy exists is in France or Sweden by using nuclear energy. This was 
formulated by the former Governor of South Australia, Admiral Kevin Scarce [11]. Just there it happened that a one-
sided politologically oriented government based 40% of electricity generaton on expensive windcraft, until a rather 
normal storm had knocked down a number of these generators and the state had a black-out for several days. For the 
fission reactors, alternatives with small size module generators have been developed [12] and the most economic and 
least energy consuming isotope separation with lasers is availalbe on the market [13].  
 
2. LOW DENSITIY VERSUS COMPACT BORON FUSION    
 
The preferred reaction for fusion energy was from the beginning that of heavy with superheavy hydrogen, deuterium 
with tritium respectively, the DT reaction [14] 
 
                     D + T  =  
4
He  +  n  +  17.4 MeV                                                                                           (1) 
 
because it had the highest cross sections at the reaction energies below 100 keV compared with all other fusion 
reactions. The disadvantage of the reaction is the production of neutrons that are penetrating materials over large 
distances and when reacting then with stable, harmless nuclei changing these into dangerous radioactive waste [15]. 
About four times more neurons per gained energy are produced than from uranium and other fission reactions.  
 
Neutron-free (aneutronic) fusion was discovered even before DT and measured [16] as reaction of the nuclei of the 
normal light hydrogen H, the protons p, with the boron isotope 11 
 
                    H  +  
11
B  =  3 
4
He  +  8.7 MeV                                                                                               (2) 
 
where the reaction energy was equally distributed as 2.9 MeV each to three harmless helium nuclei, called alpha 
particles, seen from cloud chamber pictures as Mercedes stars [17]. This HB11 reaction did not result in any 
neutrons primarily. Later studied small numbers of secondary reactions produces not more radioactivity per gained 
energy than burning coal due to its few parts of a millionth uranium in fossil carbon fuel. This emission is a 
completely ignorable amount of radioactivity.  
 
The reaction cross sections of HB11 are so very much lower than for DT, that up to the knowledge of about 2009 the 
use for a fusion power reactor was many orders of magnitudes different. HB11 reactors were considered as absolute 
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impossible. This was immediately evident since 1958 seen for reactors working with magnetic confinement under 
thermal equilibrium conditions as the stellarator or the tokamak. The generated cyclotron radiation emission was 
sufficiently low only for DT. All other fusion reactions had too high losses by radiation prohibiting BH11fusion at 
thermal equilibrium conditions due to the magnetic fields for confinement in tokamaks or stellarators. Working 
without magnetic fields by using lasers for compression, heating and thermal ignition of HB11, needs a compression 
of the fuel to more than 100,000times the solid state and an input laser pulse of more than 100 Megajoule to arrive at 
highest energy gains of less than 20 even by using best resonance conditions of the cross sections, alpha reheat and 
re-absorption of bremsstrahlung (Section 9.6 of [5]).  
 
Any hope for a HB11 fusion [18][19] had to be based on thermal non-equilibrium, particle beam mechanisms, 
nonlinearities and further extreme conditions [9] for the scheme of Meglich [20] and others [21].    
 
Only fusion reactions with thermal non-equilibrium or specially arranged ion beam conditions could be considered 
for a HB11 reactor. We shall differentiate between low density plasma reactions and those of compact designed with 
high reaction densities in the range of up to about the solid state density. Such a typical non-equilibrium plasma is 
known as Mather-Filipov plasma focus (see [22]) where a HB11 reactor has a chance to generate the necessary 
conditions within the category of low plasma density [23]. These comparably higher density plasma conditions than 
ITER etc. may finally lead to boron fusion but it should not be overlooked that the insider Robert Hirsch [24] 
underlined that “there is simply too much happening in these experiments to draw conclusions early on”. 
 
A further different scheme is studied by the Lockheed-Martin Cooperation (LM) known in order to produce non-
thermal equilibrium HB11 plasma conditions for ion beam interactions. Not more than a patent application [25] has 
been disclosed for describing the proposed reactor and for understanding the properties. The plasma density is on the 
lower side as for other usual magnetic confinement. 
 
Another non-equilibrium plasma scheme is the Hirsch-Miley [27] Inertial Electrostatic Confinement IEC experiment 
following a proposal by Farnsworth and envisaged by Peter Kapitza. A sphere S containing a low pressure gas with 
particles of nuclei for fusion reactions is separated from the inner wall by an isolated spherical grid G of more than -
50 keV whose inner volume is of equal electric potential. The field between S and G results in a dark discharge in 
the low pressure gas. The ions of charge times 50keV energy passing the grid S and are then ballistic crossing the 
center of S colliding with other ions to produce fusion reactions by a field-free bouncing. Using DT gas, a dc 
emission can produce more than 10
10
 neurons per second for adding up the neutrons for criticality of fission reactors 
[27]. In case of an emergency, the neutron flux can be stopped instantly to shut down the reactor. The usually used 
neutron source from Californium-252 needs longer time to be removed and its frequent renewal is very expensive. 
The fusion reaction gain at the IEC can be increased by a factor between10 and 100 [27] if the potential of S is not 
from a wired grid, but if there is a lamellar guiding by electrodes for better directing the ions towards the center. The 
final fusion gain is many orders of magnitude below break-even such that a power reactor could not be considered. 
 
Instead of the spherical IEC device, a cylindrical section could be cut out (C-IEC), Fig. 1 [28]. The reacting ions are 
bouncing for and back within an electrically field free cylinder and are guided only by an external magnetic field. 
DT reactions have been measured similar to the spherical IEC indeed far below break-even for a fusion reactor. No 
HB11 reactions were measured yet.    
 
 
 
Fig. 1. Cylindrical modification of the Inertial Electrostatic Confinement (C-IEC) with explaining numbers see 
Patent Discolsure [28] 
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The scheme of a linear cylindrical ion beam bouncing reactions fulfils the beam reaction conditions known as 
Rostoker-Binderbauer (RB) device [29] based on RMF conditions and turbulence studies [30]. There is a similarity 
to the just described C-IEC with the cylindrical bouncing of the ion beams however where instead of the magnetic 
field coils in Fig. 1, a magnetic field as an “magnetic reversed field” configuration MRF is used.  This cylindrical 
plasma has been studied on the basis of private investors to a very detailed developing level as Tri Alpha Energy 
TAE. Binderbauer realized – see the elaboration by Lev Grossman [32] – that the RB reactor within the work on 
fusion energy since the 1940’s achieved progress “already almost done. It gets hyped to a level I think is very 
dangerous”. The RB scheme was considered as an important step for going beyond DT in a qualitative hope towards 
HB11 fusion. To arrive at gains as explained by a high class analysis at an early stage [33] theoretically my reach a 
gain below break-even, but not more.  
 
One step towards a more compact device was considered by extending the IEC device [18] with an improvement of 
the ion beam generation by extreme laser pulses [34]. Initially, the IEC following Hirsch used an injection of 
externally generated beams of ions with energies fitting good fusion reaction cross sections before working without 
extra ion injection and working only with the ions generated by dark ionization in the background gas due to the 50 
Volts between the grid and the wall of the IEC. In order to provide higher reaction gains in the center of the IEC, the 
injection of comparably high energy ion beams are used by irradiating Petawatt-picosecond laser pulses generated 
from foils at the periphery of the IEC. Additional magnetic coils are to focus the ions into the center for higher 
density interaction.  To the reported problems with overheating the guiding magnets a special geometry of the laser 
irradiated foils can be used for a ballistic focusing [35]. The plasma densities there are still of a lower level and not 
at the desired category of high plasma densities. 
 
To summarize, any alternative HB11 fusion experiment (Tri Alpha, Plasma Focus, Inertial Confinement Fusion etc.) 
are of the category of lower densities at which research conditions for the experimental demonstration of fusion are 
aimed. But not any reaction has yet been measured. This is in contrast to high plasma density fusion by using laser 
irradiation, where the measurement of reactions did succeed. The historically very first thousand reactions were 
reported in 2005 [36], more than one million in 2013 [37] and one billion in 2014 [38]. This last experiment has 
been repeated with varying parameters and confirmed the extraordinary high HB11 fusion gains [39]. This is 
important for the following described compact fusion reactor.  
 
3. LASER DRIVEN PLASMA BLOCK IGNITION FOR BORON WITH MAGNEITC TRAPPING 
 
This paper distinguished boron fusion reaction of lower density plasmas from such of high densities for the design 
of the following boron laser fusion reactor. This is based on a sequence (about one shot per second) of reactions at 
solid sate fuel density in volumes of cubic millimeters of nanosecond duration with a spherical reactor size in the 
order of two or few meters more for delivering  energy in the range of $100Million profit per year [40][41][42]**.  
 
The essential difference between the laser interaction with a target between the use of laser pulses of nanosecond 
(ns) and that with picoseconds (ps) or shorter duration and very high power exceeding petawatt (PW) is essential for 
the new type of the HB11 reactor. The extensive laser-fusion studies during the last dozen years were mostly using 
ns pulses where the interaction processes were mostly dominated by thermal processes with thermalising the quiver 
energy of electrons in the laser field by classical (or quantum modified) collisions to heat ions delayed by the 
equilibration processes and that are possibly affected by instabilities and hydrodynamic motions to heat the ions 
whose pressure was then determining the subsequent ablation, compression and heating processes with nuclear 
ignition, re-absorption of bremsstrahlung, reheating by fusion reaction products including all the space and time 
variation of the optical constants. These difficulties were well described by Edward Teller (see [5]) also in view or 
the complex systems discovered by Lord May of Oxford (R. M. May [5]). As elaborated before, any consideration 
of HB11 fusion basically needs non-equilibrium plasma conditions [5][9]. This refers not only to plasmas and 
subsequent stabilization mechanisms but necessarily applies also to the principle of a non-thermal approach (Section 
6.3 of [5]) in addition to the discovered complex systems. 
 
The difference to the sub-ps interaction was revealed when attempting to explain the Linlor effect [43] why in 
addition to the thermally emitted ions of several eV energy from laser irradiated targets, ions with nearly thousand 
times higher energy were measured (see Fig. 2.5 of Ref. [5]). This goes back to the time where the dielectric plasma 
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properties had to be clarified and their importance in the force densities given by Maxwell’s stress tensor. At laser-
plasma interaction, the force density f is not longer only determined by the gas dynamic pressure p but by the force 
fNL due to electric E and magnetic B laser field of frequency , 
 
f  =  -p  +  fNL                                                                                                       (3)   
 
with the nonlinear force density due to the laser field 
 
                 fNL   =  [EE + HH - 0.5(E
2 
+ H
2
)1 + (1+(/t)/)(n2-1)EE]/(4)  
                                          - (/t)E  H/(4c)                                                                         (4)         
using 1 as the unity tensor and n is the complex optical constant of  the plasma given by the plasma frequency p. 
At plane laser wave interaction with a plane plasma front, the nonlinear force reduces to   
 
                 fNL = - (x)(E
2
+H
2
)/(8p/)
2
(x)(Ev
2
/n)/(16                                   (5) 
 
showing how the force density is given by the negative gradient of the electromagnetic laser-field energy-density 
including the magnetic laser field from Maxwell’s equations. Ev is the amplitude of the electric laser field in vacuum 
after time averaging. The second expression in Eq. (5) is Kelvin’s formulation of the ponderomotive force in 
electrostatics of 1845, indeed without magnetic fields, time dependence and the optical constant n of plasma. For 
general cases [5] all components of the stress tensor are needed otherwise the linear theory can arrive at completely 
wrong results as discussed with Feynman (see chapter 6.3 of [5]).   
 
The basic and crucial difference between laser interaction by ns thermal interaction and that by ps non-thermal 
nonlinear force fNL interaction is dominating in Eq. (3). For the ns interaction, the first term dominates at low laser 
intensities, while with ps, the second term dominates if the quiver energy of the electrons of the laser field is higher 
than their thermal energy of motion. A numerical example about nonlinear force acceleration of a slab of deuterium 
plasma irradiated by a neodymium glass laser pulse is shown in Fig 2. During the 1.5 ps, the plasma reached 
velocities above 10
9
cm/s by the ultrahigh acceleration above 10
20
cm/s
2
. The generation of the plasma blocks, one 
moving against the laser light and the other into the higher density target, is the result of a non-thermal dielectric 
explosion and should not be misunderstood as radiation pressure absorption.  
 
 
Fig. 2. 10
18 
W/cm
2
 neodymium glass laser incident from the right hand side on an initially 100 eV hot deuterium 
plasma slab whose initial density has a very low reflecting bi-Rayleigh profile, resulting in a laser energy density 
and a velocity distribution from plasma hydrodynamic computations at time t=1.5 ps of interaction. The driving 
nonlinear force is the negative of the energy density gradient of the laser field (E
2
+H
2
)/8expressing the intensity. 
The dynamic development of temperature and density had accelerated the plasma block of about 20 vacuum wave 
length thickness of the dielectric enlarged skin layer moving against the laser (positive velocity) and another block 
into the plasma (negative velocity) showing ultrahigh >10
20
cm/s
2
 acceleration ([44] figures 10.17a&b).  
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The experimental proof of the ultrahigh acceleration was possible [45] in full agreement with the theory, after laser 
pulses of higher than terawatt (TW) power and about ps duration were available only thanks to the Chirped Pulse 
Amplification CPA [46]. On top the pulses had to have an extreme contrast ratio to avoid relativistic self focussing 
[47] (see p. 180 of [5]). With these ps ultrahigh accelerations the plasma block ignition of solid density DT by the 
nonlinear force [48] was possible and updated using the one-fluid hydrodynamics by Chu [49] and Bobin [50] with 
many more details about the reaction over nanoseconds [51] and shock generation [52]. When the computations 
were performed with the binary fusion reaction cross sections of HB11 fuel instead of DT, a very surprising result 
was experienced. The ignition threshold for HB11 is at about the same value [53][54] as for DT at this non-thermal 
ps-laser block ignition bridging the fife orders of differences known from thermally dominated laser fusion 
processes [5][54] . Further four orders of magnitudes were achieved when instead of the pessimistic assumption 
of binary reaction the following described experimentally and theoretically proved avalanche reactions are used.  
 
Up to this here considered point, all mentioned computations for the ps-laser pulse block ignition were for plane 
geometry laser pulses perpendicularly incident on a plane target. For a laser beam of circular cross section any 
lateral energy losses from the target have to be taken into account. For the aim of a complete trapping of the reaction 
cylinder below the circular interaction area in the irradiated fuel the use of a very high magnetic field parallel to the 
cylinder can be used for a complete isolation or trapping of the cylinder against energy losses. This is possible by 
using the now available ultrahigh magnetic fields of 4.5 kilotesla produced within the coils of the apparatus shown 
in Fig. 3  following the experiments by Fujioka et al. [55].    
       
 
Fig. 3. Using the coil for laser triggering of the pulsed current  for generating  of the magnetic field of 4.5 kiloesla 
generated in the loop up to values during more than a nanosecond (Fujioka et al. [55]. A cylindrical co-axial solid 
density HB11 fuel probe is located within the loop for end-on irradiation by a picosecond laser pulse to initiate the 
HB11 fusion reaction.    
 
Firing a laser beam of nanosecond duration and 1 kJ energy into the hole of the plates of Fig. 3 is triggering a 
current in the loops where a magnetic field of 4.5 kilotesla was measured [55]. Most of the energy of the laser pulse 
in Fig. 3 goes into charging the plates which energy – apart from some losses – is converted then into magnetic field 
energy in the coils during one to two nanoseconds. Placing into the coil a co-axial cylinder of solid density HB11 
fuel of larger radius than the radius of a second picoseconds laser pulse results in a direct drive plasma block 
ignition of the fuel cylinder end-on. Hydrodynamic computations showed the plasma dynamics of the magnetically 
trapped or confining cylinder below the second laser pulse for the magnetic field of 4.5 and of 10 kilotesla at least 
for one nanosecond [40][56][57] (see also Figs. 10.13 to 10.23 of [5]). 
 
4. BORON LASER FUSION REACTOR 
 
Using the result to initiate a fusion reaction unit in the described way in the cylindrical fusion fuel of Fig. 3 by the 
picosecond laser pulse for a reaction within the 10 kilotesla magnetic field with trapping during more than one 
nanosecond duration, such a fusion reaction unit can be used in the center of a spherical reaction unit described in 
Fig. 4. 
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All these calculations are similar to the DT fusion using binary reactions without the secondary alpha avalanche 
reactions. The secondary reactions of the 2.9 MeV alphas when hitting a boron nucleus and transferring about 600 
MeV energy by central collision are not included in the computations. The gyro radius of the alpha particles at 10 
kilotesla magnetic fields is 42.5 m and their mean free pass for collective stopping at solid state density is nearly 
independent on the electron temperature in the range of 60 m at solid state density but is considerably larger in 
plasmas according to measurements at GSI Darmstadt [62][63] such that an avalanche multiplication is resulting in 
an exponential increase of the fusion gain until fuel depletion.  
 
Estimations as for the cylindrical geometry [40] of the reaction unit of Fig. 3 show how a ps-30PW laser energy 
input into the block for the initiation of the flame of 30 kJ can produce alpha energy of >1 GJ. By this way, the 
requested fusion gain for DT of 10000 postulated by Nuckolls et al. for a power station [64] are then fulfilled. The 
aim to produce more than 100 MJ fusion energy per pulsed fusion shot was also underlined by Feder [65] mentioning 
Dawns Flicker [66]. Her understanding with respect to the costs for a fusion power station is evident. The scheme of 
Nuckolls et al [64] using relativistic electron beams for fast ignition arrives at comparable values for HB11. It is 
remarkable that the alpha-avalanche process is arriving at comparable values with clean HB11 fusion above those 
with DT. 
 
 
 
 
Fig, 4. Scheme of an economic electric power reactor for production boron laser fusion, absolutely free from the 
problem of dangerous nuclear radiation [41][42][57] to [61]. Description of central reaction unit, see Fig. 3 
 
The energy of the alpha particles can be converted by more than 97% with a minimum of thermal energy losses 
when being slowed down by an electric field if the reaction unit is negatively charged at nearly 1.4 megavolts (MV) 
against the earthed reactor wall. The energy is given by the number of alpha particles times 2.8 MV which energy 
can be converted into three phase ac-electricity by using the HVDC (high voltage direct current) transmission 
technology used for electricity power transmission over 1000 km or much higher distance with minimum of losses 
[67][68]. If the reactor would work with one shot per second, the average dc current is 780 Amp at 1.4 MV.  
 
The momentum of the alpha particle to the reactor wall by the alpha particles of GJ energy is reduced compared to 
the detonation of chemical explosives. This reduction is determined by the measures of the energetic particles. For 
chemical reactions the energy is up to the order of eV, while the energy of the particles of a nuclear reaction is up to 
the range of 10 MeV. The shock of the detonation is reduced by the square root of the ratio of the mentioned 
energies, i.e. in the range close to 3×10
3
. The shock to the reactor wall is than comparable to an explosion in the 
range than 50g TNT, against which a >2 m diameter reactor wall of few cm thickness can sustain. 
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For an operation of up to one laser shot per second a feeding mechanism of the reaction units into the center of the 
reactor in vacuum at the voltage of  -1.4 MeV is needed. The unit is destroyed at each shot. The hole in the reactor 
wall through which the unit is moved has to have a bent edge to reduce any vacuum discharge between the wall and 
the unit charged negative on1.4 MV together with the stick for guiding into the reactor center. The container of the 
feeding mechanism is on ground level like the reactor wall and has to have sufficient space for the moving stick, 
connected with the unit within vacuum and locks have to be provided for loading the units. This design is not trivial 
but well based on normal means.  Lasers for the reactor for producing 30 kJ laser pulses of picosecond duration with 
a sequence of one shot per second are close to the present technology should be available within few years. At the 
moment [69] lasers with 10 kJ pulses of 0.17 ps duration and operation of one shot per minute are available or 1 kJ 
pulses of the same duration at 10 Hz emission.   
 
5. AVALANCHE REACTION OF HB11 
 
One point of importance for the working properties of the boron laser fusion reactor of Fig. 4 is the confirmation of 
the avalanche HB11 reaction in plasmas. The initial computations [40] used the long expected but not  sufficiently 
confirmed amplification of the reaction by subsequent multiplication from the three generated alpha particles which 
themselves may generate subsequently a maximum of further three reactions etc. as avalanche. Simplified 
estimations [70] indicated this possibility more substantially than the earlier assumed qualitative expectations. The 
publication of the computations [40] was just at the same time as the generation of one billion HB11 reactions [39] 
 
Fig. 5: The avalanche scheme. 
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by irradiating 500 Joule laser pulses of 200 ps duration on extremely boron enriched silicon targets used in 
semiconductor studies [71]. The comparison with fusion gains of DT [57][58] permitted [42] the proof of the 
avalanche mechanism at plane geometry [53][72] and was supported [73] by the evaluation of the elastic collisions 
and an subsequent reactions of HB11 within the background plasma of more than 10 eV temperature of solid state 
density [38][73][74][75].  
  
A detailed explanation of the avalanche process is possible by the following evaluation of the elastic collisions [73] 
of the generated alpha particles. This is based on the force fNL (Eq. 4) given by Maxwell’s stress tensor as Lorentz 
and gauge invariant nonlinear force  by quadratic terms of the force quantities E (electric field) and H (magnetic 
field) [48]. The non-linear force is dominating against the thermal forces [73], resulting in the acceleration of a 
plasma block causing non-thermal fusion ignition [38][42][60][61][74][76][77]. These alpha particles transfer 
energy in a broad energy range around 600 keV in the high density HB11 (noted as pB
11
) plasma.  
 
An initially resting 
11
B or proton nucleus of mass m2 gains energy from the energy E of an alpha particle of mass 
m1. The maximum energy which can be acquired in the collision by a particle at rest is [75]  
 
2
2, 1 2 1 2 1,(initially at rest) 4 /final initialE m m m m E   
.   (6) 
After a first collision of an alpha particle with a boron one gets: 
11 11176 1 176( ) 2,270[ ];  E ( ) 189[ ]
225 12 225
lab cmE B E keV pB E keV 
    
       
    
 
where Elab(B
11
) is the energy of the boron after the collision in the lab frame. While Ecm(pB
11
), is the center-of-mass 
system energy of that boron and a proton at rest in the lab frame, and 
1116 11 16( ) 1860[ ];E ( ) 1701[ ]
25 12 25
lab cmE p E keV pB E keV 
    
       
    
 
Elab(p) is the energy of the proton after the collision in the lab frame. Ecm(pB
11
), is the center-of-mass system energy 
of that proton and a boron at rest in the lab frame. 
After an alpha particle with an energy E =2900 keV has its second collision with a proton and this proton collides 
with a 
11
B one gets in their center-of-mass system of reference an energy Ecm(pB
11
)  
                11 11 16 9E ( ) 612.5[ ]
12 25 25
cm pB E keV
   
    
   
                                      (7) 
This energy is within the maximum cross section max of HB11 [78] . We get the energy for the HB11 maximum 
cross section from the alpha's collisions with protons that then collide with B
11
 to get the fusion. We call this 
mechanism avalanche, because of the multiplication through generation of three secondary alpha particles by one 
primarily produced alpha particle. The avalanche scheme is described in Fig. 5. The alpha collisions with protons 
are more probable since the probability ratio is 
           (npp
em
uα)/( nBB
em
uα) ~ (np/nB)[ (1+m/mp)
2
 /(1+m/mB)
2
][1/(ZB
2
)]
 
~ (1/2) (np/nB) 
where the Rutherford cross section (p
em
, B
em
) has been used for the appropriate cross sections and ZB is the 
boron ionization degree. Since the hydrogen density is larger than the boron density by a factor of 10 we get the 
main chain of reactions as described in Fig. 5. 
In this process we get 2 classes of proton densities, np1 that did not have any alpha collision and np2 that collided 
with alpha and got the right energy to have a p-
11
B collision at maximum nuclear cross section. It is conceivable to 
assume for this experiment [38] np = np1+ np2 and np1 >> np2 yielding the rate equation for the alpha particles 
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                                                      (8) 
 
The first term on the right hand side of equation (8) is given in reference [73] in order to explain the Prague 
experimental data [38]. However, this term is dependent on the ion temperature created in the laser plasma 
interaction.            
3
2
13 5/6 1/3
1/3 1/3
15 3/2
2 3 3
3 2 4 3
v
17.7080 53.1240
   6.3820 10 exp
148
   5.41 10 exp
59.3570 1.0404 9.1653 10
1
10 201.65 2.7621 9.8305 10
ion temperature  i
T
cm
s
T T
T
T
T T T
T T T
T

 

 
 


 
   
 
   
     
   
 
  
 
  
 
   
n keV.
 
In the Prague experiment, a total number of N4∙10
8
 alpha particles per laser pulse were observed from a number 
of protons measured experimentally NH = np∆V=10
11
 in a time ∆t = 10-9 s. The Nobservation of N4∙10
8
 and 
calculation N= 3NH nB<v>T∆t, according to the first term of equation (8), limit the ion temperature to more than 
100 keV. Therefore, according to the first term of equation (8) used in reference [74] to explain the data, the total 
expected fusion for an ion temperature of 100 keV is an order of magnitude less than the measured NFurthermore, 
we claim that for laser irradiance of 3∙1016 W/cm2 reported in the Prague experiment an ion temperature of 100 keV 
is not conceivable.   
The second term in equation (8) is a non-thermal equilibrium quantity that is related to the proton spectrum 
measured in reference [38]. The last term of equation (8) is caused by the protons that collided with the alphas and 
are returned back into the target by the inverted double layer (DL) simulations [76]. 
Taking the data from the Prague experiment, equation (8) can be solved numerically. In particular, the proton energy 
distribution as given in this experiment can be written as  
dNp/dE = N0 [MeV
-1
] for 0 < E < 1 MeV and dNp/dE = 0 for E > 1 MeV,  
where p is the proton volume integrated density number and N0 =10
11
 is the total number of protons under 
consideration. This distribution implies 
       
 
1/2
0 0
max
11 1
0
/
0.40
(1.2 ) 0.6
 =10 [ ]  0<E<1MeV
0  1MeV<E
NT
f E E E dE f E dE
v
u barn MeV
N MeV for
f E
for



 

 
 

 

                                                         (9) 
Therefore to a good approximation we get the following solution 
                       / 0
max
max
v
1 0.4
u
1
u
ANT
p
A
A
B
N N e N
n
 

 
 


  
    
 

                        (10) 
11 
 
N0 is of the order of few times 10
11
 and Nof the order of 10
9
 are accordingly the volume integrated density numbers 
as given in the Prague experiment.A is defined as the avalanche time and the interaction time  to create alphas. In 
the Prague experiment A is of the order of 100 ns (nB=10
22
 cm
-3
, max=1.2 barns and u =10
9 
cm/s) which means that 
alphas are created during a couple of nanosecond. 
The exponential term in our solution of equation (10) will be very large for A in a pB11 fusion scheme as 
evaluated earlier in a summarizing way from the comparison with DT fusion in reference [42] by using a magnetic 
field to confine the laser produced plasma. In this case the avalanche process will dominate and therefore its 
application for a nuclear fusion reactor might be viable for the clean HB11 fusion. Computations [40][42][58,] done 
for cylindrical trapping with ultrahigh magnetic fields under the assumption of the avalanche, show that a 30 kJ laser 
pulse of ps duration could produce more than GJ energy in alpha particles. This laser energy is promising to achieve 
a HB11 fusion reactor. The measured strong elevation of the p-
11
B  fusion gain could only be explained as the result 
of the secondary p-
11
B  reactions caused by the avalanche process.  
6. SUMMARY ABOUT THE BORON LASER FUSION REACTOR 
 
Presently there are two leading developments where the clean HB11 fusion is favourable to the old and famous but 
not achievable yet in a reactor with DT fusion. These two new schemes are the "Tri Alpha" by Rostoker and 
Binderbauer [29][31] and our [42][73] "Avalanche" project [41]. The Tri alpha scheme is based mainly on the old 
magnetic confinement of classical reversed magnetic fields (RMF) with low density plasmas, while our high density 
plasma process is based on  
(a) ultra-high plasma block acceleration by nonlinear forces at non-thermal direct laser-plasma target interaction as 
results of 1978 (see Fig. 2 with experimentally precise confirmation [45])   
(b) in the presence of  laser induced DC ultra-high magnetic fields [55], and 
(c) by the discovery of the avalanche HB11 reaction [42][73] based on measurements [38][39][74].  
 
Both developments are interesting but the question is what of them is more promising for the reactor concept. The 
“Avalanche” high plasma density project with combination of (a), (b) and (c) of these two models is the main issue 
in our route for clean nuclear fusion! Our Avalanche result has been proven experimentally with an increase of 
nine orders of magnitude of alpha particle production than expected from classical consideration. Our results can 
be verified with existing technologies and show that our clean fusion reactor can be achieved. 
 
The result of the boron laser fusion reactor teaches how important it is to develop the theory of high temperature 
plasmas beyond the main stream of the thermal equilibrium state towards the plasmas with mixed states. These are 
the few hundreds keV non-thermalised energetic ions performing elastic collisions and fusion reactions in this broad 
energy range to happen within the plasma of about solid state densities and temperatures of 10 to 50 eV. Only this 
non-ideal plasma explains [73] the measured [37][38] exceptional high fusion reactions of HB11 with profound 
reconfirmation [39] as avalanche process [40]. The related studies [79] included the non-ideal plasmas for further 
interpretations.  
  
The non-equilibrium and nonlinear states of plasmas were from the beginning crucial before 1987 [9] for HB11 
fusion as a case related to conditions for Meglich’s migma configuration [21] and related cases of the inertial 
electrostatic confinement [26]. The interrelation of problems of particle accelerators and plasma states is described 
as non-neutral plasmas, pioneered by Davidson [80]. The non-ideal plasmas for the avalanche processes [73] are 
extremely different from the initially studied cases of non-ideal plasmas [81] as given by dusty plasmas. After 
clarifying the wrong sign of the electric fields of the first considerations in view of the double layer state at plasma 
boundaries or surfaces, the dust plasmas were experimentally pioneered from the exhausts in the chemical plasmas 
in high power rockets by Fortov et al. where unique results were achieved in gravitation-free conditions in the space 
station [82]. These experiments were promoted by Fortov when he was Minister of Science of the Russian 
Federation and Deputy Minister President. In spite of this difference between the dust plasmas [81] and the 
avalanche HB11 fusion [73], the problems are related [79]. 
 
Finally it should be mentioned that the genuine hydrodynamic computation for HB11 laser fusion are going on to 
show their value [83] parallel to the wide spread PIC (particle in cell) computations where now the dielectric 
explosion (Fig. 2) is resulting [84][85][86] above the simplified radiation pressure push at low density plasmas, and 
12 
 
supporting the result [86] how the dielectric effects due to inhomogeneous plasma densities increase the ion energies 
in nonlinear force driven plasma blocks at essentially higher densities [87]. Basic deviations from the three-alpha 
HB11 reaction could be excluded for very short-term interactions [88].  
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